In this paper, shear thickening fluids (STFs) and three different types of additive particles such as silicon carbide, aluminum oxide and boron carbide are presented. STFs were fabricated based on nanosize fumed silica suspended in a liquid medium, polyethylene glycol at a constant concentration of 20 wt%, and then varying amounts of different types of particle additives were added. Their rheological properties under various temperatures were tested using a rheometer, and the effects of silica loading on the rheology of pure STF were investigated. The suspensions exhibited different systematic variations with respect to the varied parameters. 
earthquakes or severe wind conditions, structural components were combined with STF and the thickening response was adapted for damping [22] . Zhang et al. [23] studied STF filled dampers to observe the dynamic performance of these new systems. Fischer et al. [24] demonstrated the potential for integrating STFs into structures exposed to dynamic flexural deformation by controlling their vibrational response. Laun et al. [25] and Helber et al. [26] investigated the damping behavior of STFs and suggested they could be used in damping and mounting of industrial machinery. STFs have also been studied in the applications of smart structures. Chu et al. [27] verified an improvement of their thickening behavior by modifying the surface chemistry of silica particles. It was stated that controlling the rheology of colloidal suspensions provides important benefits in the application of energy absorbing materials. Hunt et al. [28] investigated how to minimise damage to controlled pulse fracturing (CPF) devices using STFs. Moreover, STFs could also be used to control the stiffness of composite structures by tailoring their rheological properties. These composite structures were said to be applicable for sports equipment, aeronautics, aerospace, consumer goods, or any other suitable field. William et al. [29] investigated STF based medical equipment to restrict the movement of shoulders, knees, elbows, ankles and hips to prevent these joints from sudden acceleration. Galindo-Rosales et al. [30] developed environmentally friendly composites such as micro-agglomerated cork sheets with a network of micro-channels filled with STF. These composites were investigated under low velocity impact where their mechanical properties exhibited a combination of the mechanical properties of micro-agglomerated cork sheets and the thickening response of STF inside the micro-channels.
Despite several studies into STF applications, there have only been limited investigations in the literature about integrating particle additives to STFs. Zhang et al. [31] , [32] Li et al. [33] and Peng et al. [34] studied a combination of STFs and magnetorheological (MR) fluids; they called this new fluid magnetorheological shear thickening fluid (MRSTF), and then investigated its rheological properties. It was noted that MRSTFs have features of both fluids, but they are more like MR fluids. As well as the magnetic particles in STFs, Petel et al. [35] , [36] investigated the ballistic resistance of bulk STFs, including carbide particles. According to their studies, carbide particles change the thickening behavior of the STFs while improving its ballistic resistance by increasing the density of this suspension and the dynamic material strength of the fluids. With this in mind, we decided to investigate the influence of ceramic particle additives due to their rigidity, even under loading. The effects of additives on the rheological behavior of STFs were investigated to provide some insights into the response of STFs and control the thickening behavior of these smart fluids. Systematic variations in the characteristics of STFs will help to determine where these novel suspensions may best be utilised in the engineering applications. In this study, silica based STFs were mixed with three different types of particle additives silicon carbide, aluminum oxide, and boron carbide because they are preferred for ceramic suspensions. The suspension temperature, type of additives, and amount of additives were varied to observe the influence of different parameters, and the effect of silica loading on the rheology of pure STF was also investigated. It was expected to provide new experience for STF applications with this novel approach.
Experimental details
The STF used in this study was based on fumed silica (Aerosil 90, from Evonik) which has a primary particle size of 20 nm and specific surface area of 90 m 2 /g. The liquid medium was polyethylene glycol (PEG) with a molar mass of 400 g/mol (81172, from Sigma-Aldrich). Three different types of ceramic particles, silicon carbide (SiC), aluminum oxide (Al2O3), and boron carbide (B4C), were used as additives in the STFs. The particle size and surface area of these additives were measured with Zetasizer Nano ZS and Autosorb 1-C analyser machines respectively. Table 1 summarises the measurements and densities of the additives, which were obtained from the suppliers. Particle size distribution of the additives is shown in Figure 1 . In the sample preparation stage, fumed silica was mixed with PEG, as suggested in previous studies [31] , [32] , [34] . The silica loading was 5wt%, 10wt%, 15wt% and 20wt% to investigate the pure STFs. In the experiments of STFs with additives, silica loading was kept constant at 20wt%. The mixtures were blended for 40 min. After obtaining pure STFs, additives were added to the suspensions according to the weight percentages, and then the same blending procedure was applied to the mixtures.
In this study, a three factor-three level factorial design was used to analyze how the temperature, and the type and amount of additives affected the rheological behavior of the suspensions. According to the full factorial design, 27 (3 3 ) samples were prepared as given in Table 2 . 
Rheological testing and results
Rheological tests were performed using an MCR 301 Anton Paar stress controlled rheometer with 20 mm diameter parallel plate apparatus. The gap between the plates was kept at 0.20 mm, and the shear rate was increased from 0 to 1000 s −1 during the experiments. The suspension temperature was set with the help of a temperature control device connected to the bottom plate of the rheometer.
Before experimenting on the suspensions with additives, the effects of silica loading on pure STFs with various silica loadings were tested at a constant temperature of 20ºC. Figure 2 shows the rheological curves of pure STFs with different silica loadings, which indicate that silica loading has four main influences on the characteristics of the STFs. First, the viscosity profile of the STF increases as the silica loading increases, which means the viscosity curve of the STF shifted upward on the graph by increasing the silica loading. Second, the critical shear rate at which shear thickening begins, decreases as the silica loading increases. Third, the formation is thickened fast if the silica loading expands in the STF. This can be also explained as the difference between the critical shear rate and the shear rate at the maximum viscosity after thickening, which decreases as the silica loading increases. Finally, the thickening ratio ( ) which is defined in Equation 1, increases when the silica loading expands in the suspension. The rheological curves show that the effects of silica loading on the thickening of the STFs are consistent with the results stated in previous studies [17] , [18] , [37] , [38] .
: Maximum viscosity of the suspension beyond the thickening point : Viscosity of the suspension at the critical shear rate Figure 2 . Rheological behavior of pure STFs including various silica loadings
Effects on viscosity profile
The rheological results indicated that the additives enhanced the viscosity profile of the suspensions in a similar manner, and to illustrate this effect, the rheological curves of the suspensions with different additives are shown in Figure 3 . Note that the viscosity profile increases as the amount of additives in the suspension increases. In denser suspensions, solid particles exhibit stronger inter-particle adhesion and thus the viscosity of the fluid increases [39] ; this is verified by the rheological measurements of STFs with various additives taken in earlier studies [31] , [32] , [35] . In fact the volume fraction of the particles becomes the main topic at this point. Unlike these other types of additives, B4C particles enhance the viscosity profile of the suspension much better. It is known that additive densities differ from each other, so the volume fraction of the additives varies for each three-level mass fraction of the additives in the STFs. This is why B4C particles occupy the largest volume in the suspensions; their density is lower than the other additives for each level of additive amounts. This indicates that the increase in the volumetric concentration of solid particles in the suspension contributes to the growth of the viscosity profile. Table 3 summarizes the volume fraction of the additives for the corresponding mass fractions. On the other side, temperature is another parameter that has an intense effect on the viscosity profile of STFs. The experiments revealed that increasing the temperature reduces the viscosity profile, and this trend is valid for each suspension, regardless of the type of additive. This reduction in the viscosity profile is due to the inter-particle adhesive forces becoming weaker due to the elevated temperature [40] , [41] . To illustrate how the temperature influences the viscosity profile, the rheological curves of the STFs with 25wt% of Al2O3 particles at different temperatures are shown in Figure 4 . Figure 5 shows the critical shear rates of the STFs, including different additives and amounts at various temperatures. Since the suspensions with 25wt% (14.24vol%) and 45wt% (28.97vol%) loadings of B4C particles did not exhibit thickening, the critical shear rates of these suspensions could not be added to the B4C chart. These suspensions only displayed shear thinning behavior for each temperature level. According to early studies [2] , [18] , [42] , thickening gradually vanishes as the silica loading in the suspension decreases, in fact, the inclusion of additives deducts the volume fraction of the silica from the suspension, thereby adversely affecting the thickening mechanism. It is therefore possible that the volume fraction of silica falls below the effective concentration, thus triggering thickening for the suspension with 25wt% (14.24vol%) loading of B4C particles. It is also clear that the temperature influences the critical shear rate of the STFs due to enhanced inter-particle repulsive forces inside the suspension at elevated temperatures. Therefore, in order to form hydro-clusters, the STFs require stronger hydrodynamic interactions that overwhelm the inter-particle repulsive forces when the critical shear rate reaches higher values [41] , [43] , [44] . As a result, the critical shear rate of the STFs, including additives, increases as the temperature increases, which is similar to pure STFs. However, STFs with higher amounts of additives are more prone to increase the critical shear rates. This influence is systematically observed in the STFs with Al2O3 particles for each temperature level, but lower loadings of SiC particles do not contribute to this trend, the fact remains that heavy SiC loadings clearly increase the critical shear rate. In fact, the critical shear rate decreases as the silica loading increases in the suspension due to enough silica particles in the medium to form hydro-clusters, even though the shear rate is at lower levels [44] , [45] . Unlike silica, the additives do not contribute to the thickening mechanism because they are not constitutive particles for the STFs. According to Petel et al. [35] , [36] , suspensions of ethylene glycol and SiC particles exhibit shear thinning behavior rather than thickening. For this reason, and the findings will be described in further paragraphs, additive particles negatively influence the thickening behavior of STFs. Therefore, it is expected that the critical shear rate increases as the amount of additives increase in the suspension.
Effects on critical shear rate
Although the results partially satisfy this expectation, there is no certain trend over the amount of additives. 
Effects on thickening period
The thickening period is defined as the difference between the critical shear rate and the shear rate at maximum viscosity after the thickening point. Figure 6 shows the thickening periods of the STFs with various additives and amounts at different temperatures. The graphs show that the thickening period increases as the temperature increases. Similarly, the thickening period is directly proportional to the amount of additives. According to the early studies [31] , [32] , additives weaken the thickening behavior of STFs so thickening is retarded to higher shear rates. Distributing the additives in the STFs causes the interstitial additive particles between the silica particles, thereby hindering the formation of hydroclusters. Raghavan et al. [42] stated that hydro-clusters forming during thickening are elongated structures not spherical aggregations, while Bossis et al. [4] suggested that hydrodynamic stresses are proportional to the cube of the larger dimension of the clusters, which means that elongated clusters contribute much more to the thickening behavior than spherical ones. Moreover, the additive particles restrict the hydroclusters from extending during thickening, so they are much smaller in size. In other words the additive particles can be defined as barriers against the elongation of hydro-cluster networks during cluster formation.
(a) (b) (c) Figure 6 . Thickening period of the STFs with (a) SiC, (b) Al2O3 and (c) B4C particles at various temperatures Figure 7 shows the thickening ratio of the STFs with various additives and amounts at different temperatures. According to the results, the thickening ratio changes inversely with the temperature. It is known that hydrodynamic lubrication forces can easily overcome the inter-particle repulsive forces at lower temperatures, thereby readily triggering thickening. However, the thickening mechanism requires higher hydrodynamic lubrication forces due to increased repulsive forces at elevated temperatures, and therefore domination of the hydrodynamic lubrication forces decreases as the temperature increases, which ends up with a reduction in the thickening ratio. Alternatively, the thickening ratio drastically decreases as the amount of additives in the suspension increases. This trend stems from the disruptive influence of the additive particles on the hydro-clusters due to interstitial additives between the silica particles inside the STFs. There is a good match with the rheological results of Zhang et al. [31] , [32] in that the thickening ratio is negatively affected by the amount of additives. In fact the thickening mechanism disappears after a limit loading of the additives, as stated by Zhang et al. [32] . It is possible to mention that this limit is exceeded at B4C loading of 25wt% (14.24vol%) for the STFs because the suspension could not exhibit thickening. However, the limit concentration of the additives for the STFs with SiC and Al2O3 particles is higher than 45wt% because they keep their thickening behavior at 45wt% of additive, which corresponds to loadings of 24.07vol% and 20.51vol% for SiC and Al2O3 respectively. When comparing these findings in terms of the volume fraction of the additives, STF is more susceptible to B4C particles because thickening disappears at lower volume fraction of B4C particles than the other additives. The graph shows that the thickening ratios of STFs with 5wt% (2.53vol%) B4C particles are very close to STFs with 45wt% (24.07vol% for SiC and 20.51vol% for Al2O3), the other additives for each temperature level. However, the difference between SiC and Al2O3 is not notable in terms of the thickening ratio. In order to depict how the additives affect the thickening ratio, the rheological curves of the STFs with various additives are shown in Figure 8 . 
Effects on thickening ratio

Discussion
This study investigated the effects of additive particles on the thickening behavior of STFs, while considering the viscosity profile, the critical shear rate, and the thickening period and thickening ratio. Three types of ceramic particles with close range particle size were used as particle additives in the suspensions, each of which had the same influences on the thickening mechanism of the STFs. Based on the rheological results, it is certain that the additive particles inside the STFs disrupted the thickening mechanism of the suspensions, but the intensity of this disruption varies depending on the parameters that varied in this study.
For the thickening mechanism of fumed silica and PEG 400 based STFs, the B4C particles were more destructive than the other additives; this can be verified by the rheological behavior of STFs with B4C loadings of 25wt% (14.24vol%) and 45wt% (28.97vol%) which only exhibited shear thinning at each temperature level. However, the suspensions with the other additives sustained their thickening behavior at additive loadings of 45wt% (24.07vol% for SiC and 20.51vol% for Al2O3), even though the thickening mechanisms deteriorated. In fact, the volume fraction of silica comes into prominence at this point because adding the additive particles into the suspensions reduced the volume fraction of the silica which in turn reduce thickening. Figure 9 shows the volume fractions of the silica in the suspensions according to the corresponding weight fractions of the additives The graph indicates that a certain limit volume fraction of silica for suspensions with different additives to trigger thickening cannot be mentioned because the silica loadings in SiC and Al2O3 suspensions (8.6vol% and 9.0vol% respectively), which exhibited thickening, are lower than in the non-thickening B4C suspension (9.8vol%). This finding may stem from particle morphology of the additives interacting with the silica. Different shaped additive particles may cause variations in breaking the hydro-cluster networks. Fumed silica particles form a very complicated three dimensional cluster network due to the branched structure of the particles, unlike the spherical ones [42] , but the additive particles are not shaped like the fumed silica where the additives did not contribute to the interactions between particles. It is known that the elongated or extended networks of the hydro-clusters are more effective in the thickening mechanism than the spherical aggregates [4] , [42] . The micro-size additive particles occupy large spaces in the nano-size silica suspensions which stops the clusters from extending. Interactions between the silica particles are also influenced by the particle size of the additives. When reducing the particle size of the additives, the size of the obstacles inside the suspension approaches the silica particles, and therefore the extension of the clusters is not interrupted as much during thickening [46] . The big difference in particle size between the silica and the additives is where the micro-size additives stop the hydro-clusters from extending such that the clusters become more spherical than the clusters in pure STFs. Figure 9 . Volume fraction of the silica vs additive loading in the suspensions
As well as a purely hydro-clustering approach, the contribution of contact forces is suggested in recent studies [47] [48] [49] [50] [51] . Denn et al. [47] , [48] stated that the hydro-clustering approach dominates the suspensions at low shear rates due to contactless rheology, but the contact forces are very effective for the jamming point where the particles contact each other at high shear rates. Beyond a critical point, contact forces generate force networks that dominate thickening where the hydrodynamic interactions are claimed to be insufficient. This trend increases as the shear rate increases [50] . Alternatively, particle loading plays an important role in contact rheology because the possibility of the contacted microstructure increases as the concentration of solid particles increases in the suspension. Dense suspensions provide more opportunity for the contact forces to increase, even at lower shear rates. It is suggested that mildly dense suspensions are dense enough for contact forces to develop during thickening [48] . Lin et al. [49] conducted shear reversal experiments to observe the relative contribution of hydrodynamic and contact forces in micro-size suspensions. The contact forces were said to be zero at the reversal stage of the experiments, while assuming that the microstructure remained unchanged and the hydrodynamic forces were identical in magnitude but reversed in direction. In view of this assumption, the qualitative difference between these forces was obtained to reveal the discrete contributions upon reversal. According to the results, contact forces are more dominant than hydrodynamic forces in the thickening stage of the suspension. Although shear reversal exhibits the effect of contact forces in the thickening mechanism, this model neglects the Brownian stresses which are inevitable for nano-size suspensions, especially with a lower concentration of solid particles.
In the light of the contact rheology model suggested in early studies [47] [48] [49] [50] [51] , particle contacts are reduced due to interstitial additives between the silica particles, and therefore contact forces along the suspension decrease and the thickening behavior gradually decreases as the additive particles increase in the suspension. A schematic illustration of this process is shown in Figure 10 . Non-contacted particles are drawn in gray lines joining the centres of the two involved particles, while the red lines depict the particles in contact during thickening. As Figure 10a shows, contacted particles develop contact networks that extend in the suspension, whereas the additive particles shown as black solids in Figure 10b , break the particle contacts and separate the contact networks into small branches.
(a) (b) Figure 10 . Particle contact networks for (a) pure STF and (b) STF with additives
Conclusion
In this study a novel approach for STFs was presented. Three different types of particles were used as additives in the STFs, and the rheological behavior of these suspensions was investigated. The thickening mechanism of these new fluids exhibited systematic variations with respect to different parameters. Additive particles provide an opportunity to modify the thickening stage of the STFs and thus the thickening mechanism can be controlled in various fields. These findings suggest that this approach could be useful for engineering applications where a higher viscosity profile and lower thickening ratios are required. Furthermore, additive particles can also be used to retard the activation of STFs by controlling their thickening period. Controllable fluid actuators can be main application area for these novel smart fluids.
